Abstract: Background/Aims: An influence of climate upon stroke risk is biologically plausible and supported by epidemiological evidence. We aimed to determine whether air pressure (AP) and humidity are associated with hospital stroke admission. Methods: We searched MEDLINE, Embase, PsycINFO, CINAHL, Web of Science, and GEOBASE, from inception to 16 October 2015 to identify relevant population-based observational studies. Where possible, data were pooled for meta-analysis with odds ratios (OR) and corresponding 95% confidence intervals (CI) by means of the random-effect method. Results: We included 11 studies with a total of 314,385 patients. The effect of AP was varied across studies for ischemic stroke (IS) and subarachnoid haemorrhage (SAH). Pooled ORs (95%CI) associated with 1 hPa increase in AP for the risk of IS, intracerebral hemorrhage (ICH) and SAH were 1.00 (0.99-1.01), 1.01 (0.99-1.02) and 1.02 (0.97-1.07) respectively. The pooled ORs (95%CI) associated with 1 percent increase in humidity for the risk of IS and ICH were 1.00 (1.00-1.01) and 1.00 (0.99-1.01) respectively. Conclusion: This review shows that there is no evidence of a relationship between AP or humidity and the occurrence of hospital admission for stroke. Further research is needed to clarify the extent and nature of any relationship between AP, humidity and stroke in different geographical areas.
Introduction
Estimates from the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD 2010) ranked stroke as the second most common cause of death [1] and the third most common cause of disability-adjusted life-years [2] worldwide in 2010. To date, over 300 traditional cardiovascular risk factors have been reported; the five most important being tobacco use, alcohol use, hypertension, high cholesterol levels and obesity [3] . While these traditional risk factors are fundamental in explaining the etiology and prognosis of cerebrovascular diseases, their relative importance may alter with time [4] .
It is possible that changes in external stimuli, such as ambient temperature, atmospheric pressure (AP) and humidity, are relevant, and may help explain why stroke is more likely to occur at particular times, and in particular geographical regions [5, 6] .
An influence of climate upon stroke risk is biologically plausible and supported by epidemiological evidence [3, 7] . Investigations into these relationships are important as they could yield public health strategies to help protect the vulnerable from adverse environmental conditions, for example, cold and heat waves [3] . Though there have been extensive studies investigating the association between ambient temperature and stroke risk [3, 8, 9] , the significance of other meteorological risk factors, such as AP and humidity, has been less frequently explored. The results from several studies on AP and humidity have been inconsistent: a 1965 Japanese study involving 74 subjects [10] , reported that intracerebral hemorrhage tended to occur when humidity was low (<40%), and AP was raised. In contrast, a hospital-based study in Mexico showed no apparent relationship between AP and stroke occurrence [11] .
We conducted a systematic review of population-based stroke studies to summarize and appraise evidence on the relationship between AP and humidity and hospital stroke admission.
Methods
The protocol for this study was registered with the international prospective register of systematic reviews (PROSPERO)-CRD42015026364. The systematic review was reported following Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines [12] .
Study Eligibility Criteria
Population or community-based, and hospital registry studies that explicitly stated consecutive patient recruitment from within clearly defined geographical boundaries and of a minimum one-year duration (to ensure all seasons were represented) were included. Patients aged 18 years and over, of any race or gender with a clinical or imaging (computed tomography (CT) or magnetic resonance imaging (MRI)) diagnosis of first-ever or recurrent stroke, regardless of pathological subtype, were included. We excluded hospital-based studies and studies with broad vascular outcomes, no specific results for stroke, with less than 50% stroke patients, or with fewer than 100 patients. In addition, studies that cited weather data from unofficial sources (e.g., any weather website) were excluded. There were no language restrictions set.
Databases and Sources
A comprehensive search strategy (Supplementary Material 1), developed in consultation with a university librarian, neurologists, and epidemiologists, was used to address the unique features and indexing of each of the five electronic databases (MEDLINE, Embase, PsycINFO, CINAHL, and Web of Science), that were searched from inception to 16 October 2015. GEOBASE was also searched to capture any relevant studies that might have been published in the geographical/meteorological rather than the medical literature.
In order to capture important "grey literature", the websites of the following organizations were searched for relevant reports: World Health Organization; European Union; Health Effects Institute (USA); Environmental Protection Agency (USA); National Institutes of Health (USA); Department of Health (UK); Department for Environment, Food, and Rural Affairs (UK); Department of Health (Australia); Department of the Environment (Australia); Ministry of Health of the People's Republic of China; Ministry of Environmental Protection of the People's Republic of China. The reference lists of any relevant reviews appearing in their reports were examined to search for original studies.
Data Collection and Extraction
Xia Wang scrutinized the titles and abstracts, and excluded clearly irrelevant references; this process was checked by Sarah Richtering. Xia Wang and Daqing Hong extracted data independently from the included studies using EpiData; any disagreements were resolved by a third reviewer (Danni Zheng).
Data Analysis
Six items were used to define quality criteria to appraise included studies [13] : (A) presence of clear hypotheses; (B) prospective study design; (C) description of the population, at least including its size, and the gender ratio; (D) stroke assessed by CT, MRI or angiography, cerebrospinal fluid examination or autopsy; (E) a clear description of the meteorological determinants investigated, when possible including the unit of measurement; and (F) description of other risk factors for stroke. Articles were defined as 'high quality' when at least five of these criteria were satisfied.
We pooled the results of studies in which an effect estimate was presented as a regression coefficient, percentage change (PC), relative risk (RR) or odds ratio (OR). We converted the regression coefficient and PC to RR using the equations: RR = e β and RR = 1 + PC, respectively. Thereafter, all RRs were converted to ORs using the equation: OR = RR/[(1´P0) + (P0ˆRR)], where P0 = the incidence in the non-exposed group. Because population stroke incidence fulfilled a Poisson distribution, this indicated a small probability event and we assumed OR = RR. The degree of heterogeneity was calculated using the I 2 -index, and I 2 > 50% indicated heterogeneity. ORs from the individual studies were pooled using the random effects method because of the large degree of variation in the effect estimates between studies. Otherwise, a narrative review of studies was presented. Estimates of association were reported separately for each stroke type.
Results
Of 4814 references obtained after execution of the search strategy, 113 were found to be relevant after screening titles and abstracts ( Figure 1 ). Twenty-one studies satisfied the eligibility criteria, and eleven that reported AP/humidity data (314,385 stroke patients) were included in the review. A summary of the included studies' characteristics is presented in Table 1 . In brief, studies were conducted in ten countries, and across five continents in the northern hemisphere. Three studies were from countries with latitude under 30 degrees, and ten were between 30 to 60 degrees. Of the 13 studies, two were community-based, 8 were population-based, and three were based on stroke registries. Four studies [9, [14] [15] [16] were defined as high quality as they met five of the quality criteria, another three [8, 17, 18 ] met four of the quality criteria and the remainder met less than four of the quality criteria. Only three studies [9, 17, 19] were prospectively designed. And only four studies [9, [14] [15] [16] described stroke risk factors distribution in the reported population.
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Ischemic Stroke
Air Pressure
Six studies reporting data on mean AP, with 222,764 IS patients, are summarized in online Table  S1 . Pooled estimate (of five studies) showed no significant association between AP and IS (OR 1.00, 95%CI 0.99-1.01) (Figure 2 ). Two of three studies reported a non-significant association between AP changes and ischemic stroke (IS) risk (online Table S2 ). Jimenez-Conde et al. [17] observed a significant relationship between the incidence of non-lacunar stroke and AP changes compared with the previous day.
Humidity
Five studies (online Tables S3) showed no significant association between humidity and IS (pooled estimate OR 1.00, 95%CI 1.00-1.01; Figure 3 ). Two of three studies reported a non-significant association between AP changes and ischemic stroke (IS) risk (online Table S2 ). Jimenez-Conde et al. [17] observed a significant relationship between the incidence of non-lacunar stroke and AP changes compared with the previous day.
Five studies (online Table S3 ) showed no significant association between humidity and IS (pooled estimate OR 1.00, 95%CI 1.00-1.01; Figure 3 ).
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Figure 3. Meta analysis of mean daily humidity and stroke with odds ratios quantifying the association between every one percent increase in humidity and stroke occurrence.
Intracerebral Hemorrhage
Air Pressure
Three studies (online Table S4 ) involving a total of 972 ICH patients assessed the association between AP and ICH risk. None of the individual studies reported a significant association, and the pooled estimate was OR 1.01, 95%CI 0.99-1.02 (Figure 2 ).
However, a statistically significant increase in ICH risk with greater AP change (in the previous 24 or 48 h) was reported in two of the three studies (online Table S5 ).
Humidity
No study demonstrated a significant association between humidity and ICH, whether analysing mean humidity as a continuous variable (online Table S6 ), categorical variable (online Table S7 ) or using pooled estimate (Figure 3 ).
Subarachnoid Hemorrhage
Air Pressure
In a Japanese population study, Abe et al. [14] reported that high mean AP on the onset day was associated with a higher subarachnoid haemorrhage (SAH) risk (online Table S8 ), whilst Feigin et al. [9] reported a non-significant association. Overall, the pooled estimate of two studies was OR 1.02, 95%CI 0.97-1.07 (Figure 2 ). There was similar inconsistency in the two studies investigating an association between AP change over the previous 24 h and SAH risk (online Table S9 ); one study reporting a larger AP reduction was associated with SAH risk [19] , the other did not find a significant relationship [9] . Meta analysis of mean daily humidity and stroke with odds ratios quantifying the association between every one percent increase in humidity and stroke occurrence.
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In a Japanese population study, Abe et al. [14] reported that high mean AP on the onset day was associated with a higher subarachnoid haemorrhage (SAH) risk (online Table S8 ), whilst Feigin et al. [9] reported a non-significant association. Overall, the pooled estimate of two studies was OR 1.02, 95%CI 0.97-1.07 (Figure 2 ). There was similar inconsistency in the two studies investigating an association between AP change over the previous 24 h and SAH risk (online Table S9 ); one study reporting a larger AP reduction was associated with SAH risk [19] , the other did not find a significant relationship [9] .
Humidity
One [20] of two studies [20, 22] reported a significant association between mean monthly humidity and SAH occurrence. Of studies [9, 19] reporting the relationship between humidity change over the previous 24 h and SAH risk, one [19] reported that a larger humidity reduction was associated with SAH risk (online Table S10 ).
Discussion
This systematic review shows no association between daily mean AP and humidity with IS, ICH and SAH occurrence. This review included only population-based studies so that the association could be assessed in a representative population.
It is of great importance to conduct this review in a population-based study with at least 1 year recruitment period, as current evidence from studies investigating the relationship between AP [8, 9, 16] , humidity [9, 16, 23] and stroke are inconsistent in different types of study design. A clinical stroke registry in Glasgow, UK of 5723 IS and 666 ICH patients from 1990 to 2005 reported a relationship between falling AP and ICH [8] . A Japanese study with only 6-month recruitment period reported that the combination of air temperature, variation of temperature gradient, variation of relative humidity and AP gradient influenced IS and SAH mortality rates [24, 25] . Whilst consistent with two other hospital-based studies suggesting that AP and humidity fluctuations are associated with increased stroke rates [11, 23] , two well conducted population-based studies in Russia [9] and Portugal [16] failed to show such a relationship.
It has been proposed that changes in AP may exert stress on atherosclerotic plaques, resulting in plaque rupture [26] . A heat stroke rat model found tissue damage during exercise in hot and humid environments, that was related to inflammation, oxidative stress and apoptosis [27] . High humidity may also cause dehydration, which can increase thrombotic risk [28] . However, those influence may be not as strong as some other weather conditions such as temperature which may be responsible for physiological changes that could increase stroke risk. These include increases in blood pressure, erythrocyte and thrombocyte counts, and blood viscosity seen in cold weather [29] . Plasma fibrinogen concentration has also been shown to be higher in older patients, especially in cold weather [30] . This may partly explain why AP and humidity are not associated with stroke occurrence.
Several limitations to this review should be acknowledged. Firstly, we were not able to assess publication bias since a limited number of studies were included. Secondly, many included studies had small sample sizes, and results were not adjusted for confounders. Some of the pooled results show significant heterogeneity. Thirdly, although we assessed the quality of the included articles, we were unable to incorporate quality scores in our meta-analysis because of the overall poor reporting of results. Finally, it was not possible to compare data between different populations because of a lack of standardized methods and diagnostic criteria [7] . This reinforces the need for locale-specific data to better understand the effects of weather on stroke occurrence.
Conclusions
In conclusion, this review shows that there is no evidence of a relationship between AP or humidity on the occurrence of hospital admission for stroke. Further research is needed to clarify the extent and nature of any relationship between AP, humidity and stroke in different geographical areas.
Supplementary Materials: The following are available online at www.mdpi.com/1660-4601/13/7/675/s1, Supplementary Material 1. Search strategy. Table S1 : Summary characteristics of studies included in meta-analysis for mean air pressure and ischemic stroke, Table S2 : Summary characteristics of studies reporting air pressure change and ischemic stroke, Table S3 : Summary characteristics of studies included in meta-analysis for relative humidity and ischemic stroke, Table S4 : Summary characteristics of studies included in meta analysis for mean air pressure and intracerebral hemorrhage, Table S5 : Summary characteristics of studies reporting air pressure change and intracerebral hemorrhage, Table S6 : Summary characteristics of studies included in meta anlysis for mean humidity and intracerebral hemorrhage, Table S7 : Summary characteristics of studies included in systematic review for mean humidity and intracerebral hemorrhage, Table S8 : Summary characteristics of studies included in meta analysis for mean air pressure and subarachnoid hemorrhage, Table S9 : Summary characteristics of studies included in systematic review for air pressure change and subarachnoid hemorrhage, Table S10 : Summary characteristics of studies included in systematic review for humidity and subarachnoid hemorrhage.
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